Abstract Glioblastoma is the most aggressive tumor in the CNS and is characterized by having a cancer stem cell (CSC) subpopulation essential for tumor survival. The purinergic system plays an important role in glioma growth, since adenosine triphosphate (ATP) can induce proliferation of glioma cells, and alteration in extracellular ATP degradation by the use of exogenous nucleotidases dramatically alters the size of gliomas in rats. The aim of this work was to characterize the effect of the purinergic system on glioma CSCs. Human U87 glioma cultures presented tumor spheres that express the markers of glioma cancer stem cells CD133, Oct-4, and Nanog. Messenger RNA of several purinergic receptors were differently expressed in spheres when compared to a cell monolayer not containing spheres. Treatment of human gliomas U87 or U343 as well as rat C6 gliomas with 100 μM of ATP reduced the number of tumor spheres when grown in neural stem cell medium supplemented with epidermal growth factor and basic fibroblast growth factor. Moreover, ATP caused a decline in the number of spheres observed in culture in a dose-dependent manner. ATP also reduces the expression of Nanog, as determined by flow cytometry, as well as CD133 and Oct-4, as analyzed by flow cytometry and RT-PCR in U87 cells. The differential expression of purinergic receptor in tumor spheres when compared to adherent cells and the effect of ATP in reducing tumor spheres suggest that the purinergic system affects CSC biology and that ATP may be a potential agonist for differentiation therapy.
Introduction
Glioblastomas are the most common brain tumors, characterized by its high invasivity and recurrence, with patients presenting a median survival that does not exceed 15 months, despite multiple treatments [1] . The concept of cancer stem cells (CSCs) brought a change of paradigm in cancer biology and therapeutics [2, 3] , suggesting that specifically targeting these cells for destruction [4] or differentiation [5] may be the best therapeutic strategy to follow for several aggressive types of cancers. This, however, may not be easy, since CSCs have shown to present less reactive oxygen species [6] and to be more resistant to ionizing radiation [7] , vincristine [8] , hypoxia, and other chemotherapeutics [9] when compared to nonCSCs. Treatment with some of these agents increased the proportion of CSCs, which may be an explanation for more aggressive recurrence [7] . On the other hand, preferential elimination of CSC population may be a part of the effectiveness of temozolomide, the most effective pharmacologic agent used in glioma treatment [10] .
Extracellular purines have been implicated in several aspects of glioblastoma biology, such as proliferation [11] , migration [12] , and death [13] . Models of glioma tumor growth suggest that endogenous adenosine triphosphate (ATP) is liberated and plays important tumorigenic roles. We have previously shown that injection of the glioma cells together with apyrase, an enzyme that degrades ATP and adenosine diphosphate (ADP) to adenosine monophosphate (AMP), significantly reduced tumor growth [14] , whereas expression of NTPDase2, an enzyme that degrades ATP to produce mainly ADP, strongly increased tumor size due to the pro-angiogenic effects of ADP [15] . ATP-mediated signaling was shown to be important in the differentiation of the murine embryonal carcinoma cell line P19 [16] , but no study has addressed the impact of nucleotides and nucleosides in glioma CSCs. Here we show that ATP reduces the sphere formation in human and rat glioma CSCs and that purinergic receptors are differently expressed in tumor spheres when compared to adherent cells.
Material and methods

Cell culture
Human glioma cell line U87 was obtained from the American Type Culture Collection (Rockville, MD, USA) and maintained in Dulbecco's modified Eagle's medium (DMEM) low glucose (Gibco BRL) containing 2% (w/v) Lglutamine and 5% (v/v) fetal bovine serum (FBS-Gibco BRL), 5% CO 2 /95% air at 37°C. Fungizone and penicillin/ streptomycin (Gibco BRL) were added to the medium. Additionally, cells were also maintained in defined, serumfree, neural stem cell (NSC) medium containing DMEM/ F12 supplemented with human recombinant epidermal growth factor (EGF) (20 ng/ml; Sigma), basic fibroblast growth factor (FGF) (20 ng/ml; Upstate), leukemia inhibitory factor (LIF) (10 ng/ml; Sigma), and B27 (1×; Gibco). Spheres of cells grown on FBS were obtained from cells grown on 1% agar layer for 7-10 days with medium change every 2-3 days and isolated from single cells by sedimentation. In order to evaluate the number of spheres formed as an indication of the presence of colony-forming cells, a sphere formation assay was performed [17] . For cells grown on FBS, cells were plated at 250, 500, 750, and 1,000 cells per well in a 96-well plate with 200 μl/well of DMEM+5% FBS and allowed to grow for 7 days. ATP or temozolomide (Sigma Chemical Co., St. Louis, MO, USA) were added at the moment of plating, and spheres were counted from days 3 until 7. Groups of cells loosely attached that presented a diameter of more than 60 μm were considered spheres (Fig. 1a, arrows) . For the ATP titration assay, a sphere formation assay was performed, with 1,000 cells plated per well in a 96-well plate with 200 μl/well of NSC medium, and ATP was added to the final concentrations of 1, 10, and 100 μM for 7 days [8] .
Flow cytometry
For CD133 flow cytometry, cells were mechanically dissociated, washed twice in a solution of ethylenediamine tetraacetic acid (EDTA) 2 mM in phosphate-buffered saline (PBS) containing 0.5% bovine serum albumin (BSA), and then incubated with anti-CD133/1 (AC133)-PE antibody (Miltenyi Biotec, Germany) 1:10 for 10 min at 4°C in the dark. For Oct-4 and Nanog flow cytometry, cells were harvested, washed twice in PBS, and fixed with formaldehyde to a final concentration of 4%. Cells were washed and permeabilized with methanol to a final concentration of 90%. For immunostaining, cells were incubated in incubation buffer (5 mg/ml BSA in PBS), and Nanog (D73G4) XP™ rabbit mAb or Oct-4 Rabbit Ab primary antibodies (Cell Signaling Technology, MA, USA) were added to a final concentration of 1:200 and incubated for 2 h. A new washing step followed, and secondary antibody anti-rabbit IgG Fab2 Alexa Fluor® 488 was added to a final concentration of 1:1,000. Cells were incubated for 1 h, washed, and resuspended in PBS for analysis. Cells were then analyzed by flow cytometry in a PCA-96 System machine (Guava Technologies, Hayward, CA, USA).
RT-PCRs
Messenger RNA (mRNA) was extracted from the two U87 populations (spheres and adherent cells) using Trizol LS® reagent (Life Technologies). Complementary DNA was synthesized with oligo(dT) primers and MMLV-RT® reverse transcriptase enzyme (Promega). Primers are shown in Supplementary Table 1. Products of the PCR reaction were analyzed on a 1% agarose gel stained with 0.5× SYBR Green (Molecular Probes). β-Actin was used as the internal control gene.
Immunoblotting analysis
For western blot, cells were lysed with lysis buffer (50 mM Tris pH 7.4, 100 mM NaCl, 1 mM DTT, 1 mM EGTA, 10 mM β-glycerophosphate, 1% Triton-X 100, and protease inhibitors without EDTA from Roche, Germany). Protein content was assessed by the Lowry method, and equal loading was accessed by staining the PVDF membrane with Coomassie blue. The primary antibody used was anti-CD133 (Cell Signaling, 1:1,000) and the secondary antibody was horseradish peroxidaseconjugated anti-rabbit antibody (1:2,000, Jackson Immune Research) both incubated at RT for 1 h and detection was as described [18] . Methylthiazolyltetrazolium bromide viability assay After 7 days of treatment, culture medium in the 96-well plate used for the sphere formation assay was replaced by the methylthiazolyltetrazolium bromide (MTT) solution dissolved in PBS, and the plate was incubated at 37°C for 3 h. The MTT solution was then aspirated and the formazan crystals formed were dissolved in DMSO. Absorbance was read at 570 nm and the growth inhibition in treated cells was expressed as the percentage of the untreated control cells.
Protein determination
For assessing the amount of protein in samples, Pierce ® BCA protein assay kit (Thermo Scientific, Rockford, IL, USA) was used according to instructions from the manufacturer.
Statistical analysis
The level of significance was determined by a paired twotailed Student's t test (GraphPad InStat3 software). All quantitative data presented are the mean ± standard error of the mean (SEM).
Results
Characterization of a tumor stem cell population in the U87 cell line
The U87 human glioma cells grown on high density present two morphologically distinct populations: one that consists of cells attached to the plate and a population that grows as spheres that resemble neurospheres (Fig. 1a) . Induction of tumor sphere growth in vitro is normally achieved by using specific growth factors in the culture medium instead of serum. In our hands, though, spheres were readily observed even when grown in the presence of 10% FBS. In order to optimize sphere formation in culture, we plated U87 cells with different concentrations of serum and observed that the amount of spheres formed was the highest at 5% FBS, whereas serum concentrations lower than 5% restricted cell culture. Spheres were isolated by growing cells on agar (Fig. 1b) , and were separated from single cells by differential sedimentation. When U87 cells were grown on a neural stem cell medium, they formed spheres even when plated on normal culture dishes. The size of the spheres was smaller, and the number was much higher when compared to serum-containing medium (Fig. 1c see also Figs. 2 and 3).
Spheres were described to be richer in tumor stem cells when compared to cells directly attached to the culture flask (referred as monolayer). Accordingly, spheres presented more CD133+ cells when compared to attached cells, when analyzed by western blotting (Fig. 1d ) or flow cytometry ( Supplementary Fig. 1 ). The mRNA expression of markers of differentiation supported this observation, since expression of octamer-4 (Oct-4), a marker of embryonic stem cells and a transcription factor that is able to induce pluripotent cells [19] , was observed only in spheres, whereas the attached population presented more expression of GLAST, a marker for differentiated glial cells and of CAMKII, a neuronal marker (Fig. 1e) . Despite high inter-experiment variability, both U87 and U343 glioma cell lines grown in NSC medium Values expressed as average ± SEM (n) D+FSC DMEM+5% FCS, NSC neural stem cell medium supplemented with EGF, FGF, LIF, and B27 *p<0.05 test a C6 and U343 cells were grown in NSC and cell amount was evaluated at day 7 using protein assay. U87 were grown in DMEM plus 5% FCS and cell amount was evaluated by MTT. Number of experiments are in parenthesis presented higher proportion of Oct-4 and Nanog-positive cells when compared to cells grown in serum-containing medium in the same experiment (Fig. 1f) .
ATP reduces sphere formation
In the sphere formation assay, cells were plated with and without agonist, and the number of spheres formed was counted from days 3 to 7 after plating. In the presence of 100 μM ATP, there were significantly fewer spheres both when 750 and 1,000 cells were plated (Fig. 2a) . Another way of accessing the relative presence of sphere-forming cells in a population is to calculate a linear regression of the percentage of wells without spheres [17] . The mean x-intercept value of the graph indicates the number of cells needed to form one sphere per well, which was higher in the ATP-treated cells (1, 270 ) when compared to the control (1,014), suggesting that ATP reduces the relative number of cells capable of forming spheres in the population (Fig. 2b) .
Although U87 gliomas have a very low rate of ectonucleotide degradation [20] , long treatments may produce some degradation of ATP to ADP or adenosine which could be responsible for the biological effect. Therefore, we tested ADP and adenosine, which had no significant effect on sphere formation (Fig. 2c, d) . UTP, an agonist of P2Y2, P2Y4, and P2Y6 receptors [21] also did not lead to any change in tumor sphere formation (Table 1) .
We have previously shown that 24 h of treatment with ATP induces proliferation of U87 gliomas in serumdeprived conditions [11] . Since the number of cells directly affects the formation of spheres, we measured the amount of viable cells at the end of the sphere-forming assay. Chronic treatment with all purinergic agonists reduced the amount of viable cells at the end of a 7-day treatment. Even correcting for this reduction in proliferation induced by ATP, the number of spheres was reduced by 45% and 40% with 750 cells and 1,000 cells, respectively (Table 1) . It is important to mention that the relation between cells plated There are several evidence pointing to the importance of growing CSCs in a defined medium that does not contain serum. When experiments were performed in NSC medium, ATP presented a much larger effect in inhibiting U87 sphere growth when compared to serum-containing medium (Fig. 3a) . It is also important to observe that for the same number of cells plated, much more spheres where observed in NSC medium when compared to serum-containing medium since the former contains factors that favor CSC proliferation. Additionally, another human glioma cell line, U343 as well as the C6 rat glioma cell line, which is widely used in animal studies and was recently shown to contain CSCs [22, 23] , presented a drastic reduction in sphere formation when treated with 100 μM ATP in NSC medium (Fig. 3b, c) .
In order to estimate from which concentration ATP would exert its effect in decreasing sphere formation, an ATP titration assay was performed. U87 and U343 cells were plated at a density of 1,000 cells per well in ATP concentrations ranging from 1 to 100 μM in NSC medium. ATP 1 μM already reduced the sphere number in U87, but not in U343 (Supplementary Fig. 2a ). Sphere size was already reduced with 10 μM, and with 100 μM, only a few small spheres remained after 7 days (Supplementary Fig. 2b ).
Cells treated with ATP presented less expression of the stem cell markers CD133 and Oct-4 as analyzed by RT-PCR (Fig. 4a) , and the CD133, Oct-4, and Nanog staining analyzed by flow cytometry was lower in cells treated with ATP when compared to untreated cells ( Fig. 4c and Supplementary Fig. 1b, c) . Next, we wondered whether components of the purinergic system were differently expressed in glioma cells present in spheres or attached to the culture dish. As expected, different glioma cell lines present a heterogeneous expression of purinergic receptors (Supplementary Table 2 ). When comparing adherent versus spheres, expression of P2X6 and P2X7 was found increased in cells from the adherent population, whereas P2X4, P2Y1, and P2Y14 were more expressed in spheres (Fig. 4b) . The other purinergic receptors expressed by U87 cells (Supplementary Table 2) were not differentially expressed between spheres and attached cells. reported in glioma tumor spheres is quite broad, with primary cultures of brain tumors or cell lines presenting from 1% to about 50% of CD133 [17, [22] [23] [24] . Our analysis indicates that, despite variability among experiments, the proportion of cells positive for stemness markers are, with the exception of one experiment, always higher in the NSC medium when compared to the FBS medium. The number of cells needed to form a sphere was three times higher in the serum-containing medium when compared to U87 grown with FGF and EGF in the absence of serum, but consistent with the 0.15% CD133+ cells found in the parental U87 cell line grown under serum conditions [25] . The reduced amount of stemness positive cells may be a reflection of the reduction of CSCs due to the presence of serum. An additional indication that the tumor spheres observed in our culture conditions harbor bona fide CSCs is the observation that temozolomide, at a sub-toxic concentration of 5 μM, reduced the formation of spheres by 50% (data not shown), similar to the reduction found in primary glioblastoma tumors cultivated with defined factors [10] .
Although the majority of the data with gliomas CSCs were obtained in defined serum-free medium, some glioma cell lines readily form clones in the serumcontaining medium [23] . The maintenance of a CSC population in spheres, in spite of the presence of 5% serum, may be due to the establishment of a microenvironment that favors the maintenance and growth of CSCs. As already pointed out by Shen et al. [23] , glioma cell lines grown on serum-containing medium for several years must be able to maintain a CSC population under this condition in order to remain tumorigenic, as is the case of U87. U87 cells grown on serum-containing medium are able to form tumors when injected into the brain of nude mice, indicating that under these conditions, the main feature of CSCs, which is the formation of tumor, is maintained [2, 26, 27] . Activation of P2Y receptors was shown to be mitogenic for mice neural progenitor cells, but had no effect on cell differentiation. Distinct expression of purinergic receptors in undifferentiated versus differentiated cells was observed in P19 embryonic carcinoma cells, a model of neural differentiation [16] . Several purinergic receptors changed their expression over differentiation, with P2X6 and P2X7 presenting a more clear-cut increase in expression. In our study, these receptors were also more expressed in the more differentiated population of glioma cells, i.e., the adherent cells when compared to spheres. The opposite was true for receptors more expressed in spheres, which were found to reduce its expression along differentiation of P19 cells, except for P2Y14 which was not analyzed in this study [16] . This suggests that there are similarities in the expression of purinergic receptors between neural stem cells and glioma CSCs and their more differentiated counterparts.
Three different antagonists of purinergic P2Y and P2X receptors decreased the differentiation of P19 neural stem cells to NMDA-responsive cells suggesting that activation of these receptors is pro-differentiative for neural stem cells [16] . Here we observed that ATP, which can activate P2Y and P2X receptors, reduces the number and size of spheres, increases the number of cells needed to form a sphere, and decreases the number of CD133, Nanog and Oct-4 positive CSCs. This suggests that in CSCs, ATP also has a prodifferentiative role. Accordingly, proliferation during the course of the experiment (7 days) was also reduced by ATP. FGF is a growth factor fundamental for the maintenance and growth of glioma CSCs, and ATP may act by blocking the activation of the ERK by FGF, as was shown in astrocytes [28] .
Due to the low degradation rates of extracellular nucleotides by gliomas [20] , it is thought that they accumulate ATP at its border, which was already observed in melanoma tumors [29] . We have shown that ATP has a positive effect on tumor growth, mainly considering the drastic reduction in tumor growth with the injection of apyrase, an ATP and ADP scavenger enzyme which produced AMP [14] . On the other hand, degrading ATP with NTPDase2 (which produces mostly ADP), the tumor size was increased [15] . Therefore, it is difficult to isolate the effect of ATP on CSC differentiation from proliferation [11] , death [13, 18] , and angiogenesis or modulation of the immune system [15] .
Several inhibitors of neurosphere proliferation were evaluated in a broad chemical screen, and several compounds presented inhibitory effects on the proliferation of cultures enriched for brain cancer stem cells [5] . These chemicals induced different neurosphere phenotypes, altering for example sphere number, size, and adhesion properties. Appropriate neurotransmission signaling seems to be required in neural stem cell maintenance, and chemical compounds that affect dopaminergic, cannabinoid, and purinergic receptors, among others, influenced the formation of tumor spheres [5] . Therapies that affect differentiation can also affect tumor malignity and should therefore be explored as treatment alternatives.
In summary, ATP induces several cellular responses, such as proliferation and differentiation, and here we show that ATP reduces the number of spheres in U87 cell line, as well as the amount of CD133+ cells. Co-expression of Oct-4 and Nanog has been linked to carcinogenesis and reduced survival prognosis, and overexpression of Oct-4/ Nanog has been shown to enhance sphere formation and the percentage of CD133+ cells in lung adenocarcinoma [30] . Also, expression of those genes, among others, has been considered as a stemness signature in different grade gliomas [31] . We believe that the purinergic system is involved in the formation of cancer stem cells and therefore has to be considered in the search for alternative treatments for glioblastoma multiforme.
